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We propose a thought experiment, based on a mechanism that is reminiscent of Cavendish’s
torsion balance, to investigate the possible quantum nature of the gravitational field generated by the
quantum superposition state of a massive system. Our proposal makes use of the dynamics of a ultra-
stable optically levitated nanomechanical rotor endowed with a spin to generate a quantum angular
superposition that is then tested through standard Ramsey-like scheme. Gravity manifests itself as
an effective decoherence mechanism, whose strength is different–and, as we show, appreciable–in the
classical and quantum case. By incorporating both the source for decoherence and the mechanism to
probe it, the experiment that we propose allows for a much reduced degree of control and dynamical
engineering.
In his Lectures on Gravitation1 Feynman famously
wondered: “Is it possible that gravity is not quantized
and all the rest of the world is?”. He then proceeded
to propose a thought experiment that, if realised, would
show the quantum nature of gravity.
However, he also considered the possibility that quan-
tum theory fails beyond a given scale of mass, distance
or complexity, ascribing to gravity the possible cause of
such a failure, a viewpoint later reprised by Penrose, who
put forward the concept of gravity-induced collapse of the
wavefunction2.
As of today there is no experimental evidence of the
possible quantum nature of gravity, nor a unanimous con-
sensus on the potential features of a theory of quantum
gravitation. We are not even able to answer the simple
question: would the gravitational field resulting from a
system prepared in a quantum superposition be itself a
superposition of two fields, as one would expect in anal-
ogy to electrodynamics? It clearly appears that the ques-
tions posed by Feynman are more pressing than ever, as
witnessed by the substantive body of literature address-
ing them3–8.
Here we propose an experimentally viable scheme for
engineering the spatial superposition of a massive sys-
tem, generating an appreciable gravitational field. Our
proposal, which is based on an optomechanical platform,
creates a coherent superposition of distinguishable states
of a torsional degree of freedom of a nanorod. Two pos-
sibilities are checked. In the first case the gravitational
field is itself in a superposition, preserving by linearity
the quantum state of the system. In the second case
the gravitational field is classical, equally distributed be-
tween the two states of the system, generating a mutual
attraction, thus reducing the angular distance.
This is reminiscent of the gravity experiment by
Cavendish9, where a torsion balance was used to inves-
tigate gravitational effects. Analogously, the exquisite
sensitivity of our proposed quantum torsion balance al-
lows us to discriminate the nature of the gravitational
field generated by a quantum superposition, thus provid-
ing evidences in favour or against the quantumness of
gravity. Our scheme thus represents the optomechani-
cal embodiment of Feynman’s thought experiment, built
upon Cavendish’s intuition. As the system that we pro-
pose would be capable of self-testing the character of the
the gravitational field generated by the quantum super-
position, without the need for an external probe, our
scheme appears to offer significant advantages over pre-
viously proposed ideas for testing the nature of gravity.
The system.– We consider an angular superposition of
a non-spherical object, as represented in Fig. 1, which is
modeled by two spheres of massm and radius r connected
to each other by a rigid bar of negligible mass and length
2L. We refer to such a system as a nanorod from now on.
Any other non-spherical system with similar dimensions
is expected to give a contribution of the same order of
θt
FIG. 1: Graphical representation of the nanorod (depicted
with two pink spheres and a green bar) in angular superpo-
sition. The angular superposition is consequence of the spin
superposition (yellow arrows), and it is initially prepared at
an angular distance θ0. According to the classical gravity
scenario they attract each other, and the angular distance θt
reduces in time.
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2magnitude. We assume the gravitational attraction as
given by Newton’s law, which so far proved to be fully
adequate to describe the behaviour of matter in the non-
relativistic regime.
To generate the angular superposition we consider one
of the two spheres to be endowed with a magnetic spin.
The generation scheme thus follows the lines of a pulsed
Ramsey technique10. The spin can be provided, for in-
stance, by a single spin-1 nitrogen-vacency (NV) centre
in diamond.
The proposed experiment.– We now describe the pro-
posed experimental procedure to prepare the rotational
superposition state and measure the effect of gravity. We
also estimate the values of the key parameters of the
setup, which are all found to be reachable by state-of-
the-art experimental capabilities.
1) Cooling the torsional motion of the nanorod– Lev-
itated optomechanics provides a variety of experimen-
tal techniques to optically trap and prepare rotational
states of optically trapped non-spherical particles11–15.
Our proposed experiment requires the cooling of the tor-
sional motion of the nanorod to temperatures close (but
not necessarily equal) to those equivalent to its rotational
quantum ground state. Such working point is achiev-
able by current experiments based on the translational
motion of levitated optomechanics16 and, through con-
tinuous feedback, the free rotation of a nanorod17. We
stress that achieving exactly the ground state energy of
the torsional mode at hand here is not necessary for our
purposes, thus reducing significantly the difficulties of the
scheme.
2) Generation of a spin superposition– After cooling the
torsional motion of the nanorod to a low phonon state, a
microwave (MW) pi/2-pulse is used to generate a super-
position state of the spin of the form (|+1〉+ |−1〉)/√2,
where |±1〉 are the two spin states. This is a standard and
mature technique in magnetic resonance experiments18.
The important parameter for our scheme is the lifetime
of the generated spin state. The decoherence time T2, for
magnetic resonance spin experiments is usually estimated
∼300 µs for diamond nanorods of diameter 300–500 nm,
as experimentally confirmed by spin-echo techniques19.
For nanorods of 50 nm of diameter and 150 nm of length,
a value of T2 = 80µs has been measured
20. We thus as-
sume T2 = 100µs, which sets the upper limit to the next
stage of our scheme.
3) Transfer of the spin superposition state to the tor-
sional motion of the nanorod: – We switch on a non-
homogeneous magnetic field whose gradient couples the
motion of the nanorod to the spin. For a gradient
of ∂xB = 10
6 T/m, which is one order of magnitude
smaller than the maximum achieved by fine needle tips
of permanent magnetic material21,22, a nanorod of length
L = 10µm and mass m ∼ 10−20 kg, we find a separation
angle of the superposition states of θ0 = 7.92× 10−4 rad
when the magnetic field is kept on for 2.5µs, which is
a time 40 times smaller than T2. Note that this initial
configuration is such that each sphere and its superim-
posed self do not overlap, both in terms of their size and
of the size of their center-of-mass wave function. This
eliminates a possible ambiguity in the classical case, on
how gravity might act when there is an overlap in the
superposition.
4) Decoupling of spin-angular superposition– The trans-
fer of the spin superposition state to the torsional degree
of freedom of the nanorod is completed by a procedure
that decouples the spin state from the torsional mode.
This is accomplished by measuring the state of the spin
onto a superposed basis. This guarantees that the estab-
lished coherence in the state of the joint spin-torsional
system is passed entirely to the external degree of free-
dom of the nanorod and the latter becomes insensitive to
any decoherence mechanisms of the spin.
5) Free evolution– After the superposition-transfer stage,
both the harmonic potential and the magnetic field are
switched off, to let the nanorod evolve freely. Only grav-
ity, if classical, would force the rotational superposition
state to change, as there is no competing quantum in-
teraction. We estimate that after a free evolution time
of 2.5 s, the superposition angle change is of the order of
|θt − θ0| ' 5× 10−10 rad if gravity is classical (and does
not change if it is quantum). Such a long free evolution
time can be achieved in a drop tower. Competing effects
affecting the stability of the quantum superposition are
estimated later on in this work and shown to be control-
lable.
6) Detection of angular state of the nanorod– The free
evolution of the superposition is only interrupted by the
measurement of the angular configuration of the nanorod.
This is performed by switching back on the optical trap,
which is falling together with the particle. The angle
resolution has been shown experimentally to be on the
order of less than 10−15 m/L = 10−10 m23,24. This value
can be used to estimate the here described protocol and
is sufficient to resolve the desired effect of gravity.
Theoretical analysis.– We now provide the theoretical
support for the proposed experimental scheme. For the
transfer of the superposition we can take advantage of the
following scheme25. A uniform magnetic gradient ∂xB is
introduced, and the untrapped sphere containing the NV
center evolves according to the following Hamiltonian
Hˆ =
pˆ2
2m
− gNVµB(∂xB)Sˆzxˆ, (1)
where m is the mass of the system, gNV ∼ 2 is the Lande´
factor of the NV center and µB is the Bohr magneton,
Sˆz is the spin operator of the NV center spin along the
z direction, xˆ and pˆ are the position and momentum op-
erators along the x direction. We assume the center of
mass of the sphere to be in a coherent state. According
to the above Hamiltonian, after a time t0, the superposi-
tion of the spin is transferred to the state of the angular
configuration25. Thus, the total state of the nanorod
reads:
|Ψ(t0)〉 = |ψ(t0,+1)〉 |+1〉+ |ψ(t0,−1)〉 |−1〉√
2
. (2)
3Here, |ψ(t0,±1)〉 represent the states of the angular de-
grees of freedom, whose angular separation is given by
θ0 = arcsin
(
∆0
2L
)
, where
∆0 =
gNVµB
m
(∂xB)t
2
0. (3)
The decoupling of spin from torsional state is now
achieved by measuring the state of the former over the
basis of the transversal magnetisation component Sˆx, and
post-selecting only the cases associated with the projec-
tion onto states (|+1〉 ± |−1〉)/√2. This delivers the tor-
sional state
|Ψtor〉 = |ψ(t0 + δt,+1)〉 ± |ψ(t0 + δt),−1〉√
2
, (4)
where δt  t0 is the time taken for the measurement
to take place, and the relative phase between the dis-
tinguishable torsional states is inessential for our scopes.
Next we quantify the difference induced according to
the classical description of the gravitational field as com-
pared to the quantum description, during the free evo-
lution. In the quantum scenario, due to linearity, each
part of the superposition does not feel the other part’s
gravitational potential. Therefore, the quantum super-
position is ideally stable and the initial angular distance
θ0 does not change in time. In the classical scenario,
on the other hand, one needs to account also for the
gravitational field generated by one part of the superpo-
sition and acting on the other. This results in a mutual
attracting effect, and a corresponding reduction of the
angular distance |θt − θ0|. Such a reduction is the quan-
tity to address in order to distinguish between the two
descriptions of gravity. The full theoretical analysis is re-
ported in the Supplementary Information. Fig. displays
the distance |θt − θ0| as a function of time (black line).
For comparison we report the best accuracies achieved
in levitated optomechanics and membrane optomechan-
ics (purple lines). The experiment can be performed as
a table-top, drop-tower, sounding rocket or space exper-
iment, and the respective timescales are highlighted in
green, grey, blue and orange respectively.
To detect the difference between the quantum and
classical case, one needs to estimate decoherence effects,
which potentially deteriorate the superposition. While
a detailed calculation is deferred to SI, here we simply
report the most preponderant mechanisms, and the as-
sociated decoherence rates26,27. First, we should consider
collisions of the nanorod with the residual gas surround-
ing the system. The decoherence rate for collisional de-
coherence reads [cf. SI]
ΛcollD =
64ngas
√
2pimgas
3~2
r2L2(kBTE)
3/2 sin2 θ2 , (5)
where mgas is the mass of the residual gas, TE is its
temperature, ngas is the gas density, ζ(x) is the Euler-
Riemann zeta function of argument x, kB is the Boltz-
mann constant.
The second relevant mechanism of decoherence is due
to the scattering, absorption and emission of environ-
mental thermal photons. We call ΛiD (i=scatt, abs, em)
the corresponding decoherence rates, which are [cf. SI]
ΛscattD =
64 · 8!ξ(9)
9pi
r6L2c<
(
− 1
+ 2
)2(
kBTE
~c
)9
sin2 θ2 ,
Λem (ab)D =
128pi5
189
=
(
− 1
+ 2
)
c r3L2
(
kBTI(E)
~c
)6
sin2 θ2 ,
(6)
where TI is the internal temperature of the system, which
in principle differs from that of the gas, for systems that
are not in thermal equilibrium, and  is the complex
dieletric constant of the two spheres exemplifying the
nanorod. The overall characteristic time for decoherence
effects is τD = 1/ΛD, with ΛD = τ
−1
D and ΛD =
∑
i Λ
i
D.
In order to fix the ideas, we take the residual gas to be
a mixture of nitrogen N2 at 78% and oxygen O2 at 22%
at the density of 109 particles/m3, which corresponds to
a pressure of 4×10−14 mbar at room temperature. More-
over we consider the equilibrium situation where TE = TI.
We report in Fig. the decoherence times for four typ-
ical temperatures in experiments: 77, 4, 1 and 0.1 K
(red vertical lines). To avoid environmental disturbances
on the free evolution, one must perform the experiment
before decoherence dominates. Thus, an experiment per-
formed at 300 K should be concluded within a time of
0.0036 s, while for 1 K one can let the system evolve up
to ∼19 s.
Discussion.– We have proposed a quantum version of
Cavendish torsional balance to assess the potential dif-
ference in the nature of the gravitational field produced
by a coherent quantum superposition. Our scheme
incorporates in the system to address both the source of
the effect to discriminate, and the probing mechanism,
relaxing the requirements for the implementation of
the proposal itself. The use of the angular degree
of freedom, rather than the translational one that is
usually called for in levitated optomechanical setups,
offers advantages of enhanced sensitivity and precision
that put our proposal within reach of state-of-the-art
technology. We believe that such a change in perspective
could be of substantial help towards the implementation
of an experiment to test the quantum nature of gravity.
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A. Calculation of the time evolution of the angular
displacement in the classical scenario
Figure 2 shows the gravitational forces attracting the
two terms of the angular superposition. Because of the
rigid bar, the net force along the radial direction is zero.
Then, we need considering only on the tangent compo-
nent. The sum of the two forces G1 and G2 acting, for
example, on the bottom-left mass along the tangent di-
rection, is given by
F = G1 cos
θ
2 −G2 sin θ2 , (7)
pointing clock-wise, and the angular acceleration is given
by θ¨(t) = F/(mL). The magnitude of the two forces
is given by the Newtonian expression Gi = Gm
2/d2i .
The distances with respect to the other masses are d1 =
2L sin θ2 and d2 = 2L cos
θ
2 . The angular acceleration, in
suitably rescaled units of time t = τs, is:
θ¨(s) =
cos3 θ(s)2 − sin3 θ(s)2
cos2 θ(s)2 sin
2 θ(s)
2
. (8)
where τ is the characteristic time of the motion:
τ =
√
1
2
4L3
Gm
. (9)
The factor 1/2 in the definition of τ is due to the geom-
etry of the system, as there are two equal masses con-
tributing to the acceleration. The acceleration diverges
when θ approaches 0 or pi. These cases correspond to
when the masses are on top of each other, and the Newto-
nian potential becomes singular: the equations obviously
fail to apply. This situation is excluded in the experimen-
tal scheme here proposed. The acceleration is equal to
zero when θ = pi2 , when the tangent forces balance each
other.
θt G1
G2
F
FIG. 2: (Color online) Graphical representation of the
nanorod in the classical gravity scenario. The Newtonian
gravitational forces G1 and G2 acting on the bottom-left
sphere are reported in orange. The tangent force F which
determines the angular acceleration is shown in red.
B. Analysis of decoherence rates
To resolve the time scale parameter τ , one has to com-
pare it with the decoherence time τD which characterizes
the life of the superposition. There are several mecha-
nisms of decoherence, the most relevant ones being colli-
sions with the residual gas in the vacuum chamber; and
scattering, absorption and emission of thermal photons.
This is what we discuss now.
The decoherence rate ΛD = τ
−1
D is the sum ΛD =∑
i Λ
(i)
D over the decoherence mechanisms and Λ
(i)
D are
given by26,28
Λ
(i)
D =
∫
d3 k
∫
d2 nˆ′
4pi
v(k)µ(k)|f(k, knˆ′)|2 (1−R(k,k′)) ,
(10)
where k′ = knˆ′, µ(k) is the momentum-space den-
sity of the environmental particles, v(k) their velocity.
R(k,k′) = f(k′θ,kθ)/f(k
′,k) is the ratio between two
scattering amplitudes: that referring to the rotated sys-
tem (kθ corresponding to k rotated by an angle θ and
similarly for k′θ), and that referring to the system in the
initial configuration. The scattering amplitude is defined,
in the Born approximation29, by
f(k′,k) = − m0
2pi~2
∫
d3 r e−i(k
′−k)·r/~ V (r), (11)
where V (r) is the scattering potential and m0 the mass
of the environmental particle. The asymmetric geometry
of the system prevents a simple evaluation of the scat-
tering amplitude f(k,k′) in Eq. (11), as well as of the
ratio R(k,k′). Nevertheless we can provide a reasonable
estimate of the decoherence rates. First, we consider as
negligible the contributions from the massless rigid bar
connecting the two sphere of the nanorod. Thus, the
rotational decoherence rate can be simply deduced from
the translational one26
Λ
(i)
D = 2×
∫
d3 k
∫
d2 nˆ′
4pi
v(k)µ(k)|f(k, knˆ′)|2
·
(
1− e i~ (knˆ′−k)·(rθ0−r0)
)
,
(12)
where the factor 2 takes into account the presence of two
spheres, rθ0 corresponding to r0 rotated by an angle θ and
R(k,k′) is substituted with the usual phase for transla-
tional decoherence. Next, we consider the low tempera-
ture regime where we can consider 〈k〉 · r0/~  1, and
we obtain
Λ
(i)
D =
∫
d3 k
∫
d2 nˆ′
4pi
v(k)µ(k)|f(k, knˆ′)|2
· k
2L2
~2
(nˆ′ − nˆ)2 sin2 θ2 ,
(13)
where k = knˆ and (rθ0 − r0) = 2L sin θ2 × (1, 0, 0).
We have now to determine the differential cross sec-
tions for the considered processes. Let us first consider
6explicitly the case of the collisions with the residual gas.
For a spherical system of radius r when the relevant
wavelength of the scattering environmental particle is
much shorter than the size of the object, the cross sec-
tion is equal to the geometrical one26: |f(k′,k)|2 = r2/4.
Therefore the collisional decoherence rate for rotational
superpositions becomes:
ΛcollD =
64ngas
√
2pimgas
3~2
r2L2(kBTE)
3/2 sin2 θ2 . (14)
The same applies to decoherence due to environmental
thermal photons: scattering, absorption and emission.
For the scattering with the thermal photons the cross
section is twice that of Ref.26:
|f(k′,k)|2 = k
4
~4
r6<
(
− 1
+ 2
)2
(1 + (nˆ · nˆ′)2)
2
, (15)
where  is the complex dielectric constant of the system.
This expression leads to
ΛscattD =
64 · 8!ξ(9)
9pi
r6L2c<
(
− 1
+ 2
)2(
kBTE
~c
)9
sin2 θ2 .
(16)
Similarly, for the emission (absorption) of thermal pho-
tons the cross section reads
|f(k′,k)|2 = 4pi=
(
− 1
+ 2
)
k r3
~
, (17)
from which we obtain
Λem (ab)D =
128pi5
189
=
(
− 1
+ 2
)
c r3L2
(
kBTI(E)
~c
)6
sin2 θ2 ,
(18)
where TI is the internal temperature of the system, which
in principle can differ from the external temperature TE.
For the decoherence due to the scattering with thermal
photons an alternative expression was provided in28:
ΛscattD = 6!
2c
920
(
kBTE
~c
)7
ζ(7)(αx − αz)2 sin2 θ, (19)
where αi is the i-th polarizability component. In the low
temperature case here considered, the global decoherence
rate computed by using the expression in Eq. (16) does
not differ appreciably from that obtained by using the
expression in Eq. (19).
